We have cloned the Yarrowia lipolytica TPS1 gene encoding trehalose-6-P synthase by complementation of the lack of growth in glucose of a Saccharomyces cerevisiae tps1 mutant. Disruption of YlTPS1 could only be achieved with a cassette placed in the 39half of its coding region due to the overlap of its sequence with the promoter of the essential gene YlTFC1. The Yltps1 mutant grew in glucose although the Y. lipolytica hexokinase is extremely sensitive to inhibition by trehalose-6-P. The presence of a glucokinase, insensitive to trehalose-6-P, that constitutes about 80% of the glucose phosphorylating capacity during growth in glucose may account for the growth phenotype. Trehalose content was below 1 nmol/mg dry weight in Y. lipolytica, but it increased in strains expressing YlTPS1 under the control of the YlTEF1promoter or with a disruption of YALI0D15598 encoding a putative trehalase. mRNA levels of YlTPS1 were low and did not respond to thermal stresses, but that of YlTPS2 (YALI0D14476) and YlTPS3 (YALI0E31086) increased 4 and 6 times, repectively, by heat treatment. Disruption of YlTPS1 drastically slowed growth at 35uC. Homozygous Yltps1 diploids showed a decreased sporulation frequency that was ascribed to the low level of YALI0D20966 mRNA an homolog of the S. cerevisiae MCK1 which encodes a protein kinase that activates early meiotic gene expression.
Introduction
Trehalose, a non-reducing disaccharide formed by two glucose units, has important and varied functions in different organisms [1, 2] . In yeasts trehalose is synthesized by a two-step pathway [3] : first, trehalose-6-phosphate (T6P) is formed from glucose-6P and UDPglucose by the enzyme T6P synthase (Tps1) encoded by the TPS1 gene [4] and then dephosphorylated by a T6P phosphatase (Tps2) encoded by the gene TPS2 [5] . Two other proteins without catalytic activity, Tps3 and Tsl1, appear to form a complex with Tps1 and Tps2 [6] . Mutations in the genes involved in trehalose biosynthesis affect glucose metabolism, morphology or virulence in yeasts and fungi [2] , cause lethal phenotypes in insects and nematodes [7, 8] and are embryo lethal or affect inflorescence branching and other structures in plants [9] . In Saccharomyces cerevisiae or Kluyveromyces lactis mutations in the gene TPS1 cause inability to grow in glucose [4, 10, 11] . This phenotype has been ascribed to the loss of the inhibitory effect of T6P on hexokinase [2, 12] and mathematical modelization of glycolysis has confirmed the importance of this control mechanism in S. cerevisiae [13] . The inhibition of hexokinase by T6P is widespread among yeasts [12, 14] but its strength is variable; the most inhibited hexokinase reported is that of the yeast Yarrowia lipolytica with a K i of 3.5 mM [12, 15] . Y. lipolytica is a dimorphic yeast that separated early from the yeast evolutionary trunk [16] . It has attracted attention due to its ability to shift between a yeast and an hyphal form [17] to excrete organic acids [18, 19] and to its potential as host for expression of heterologous proteins [20] . Y. lipolytica is also being used as model to study physiological processes like lipid accumulation [21] or peroxisome biogenesis and pexophagy [22] . Differences in kinetic or regulatory properties of important Y. lipolytica enzymes [23, 24, 25] and in transcriptional regulation of some of its genes with respect to those found in S. cerevisiae [26, 27] have been described. Therefore due to the high sensitivity of Y. lipolytica hexokinase to T6P it appeared worthwhile to isolate the TPS1 gene of this yeast and to analyze the effects of its disruption. The isolation of this gene presents also a potential technological interest as in Aspergillus niger the degree of expression of the tpsA gene that encodes T6P synthase, influences the rate of citric acid production [28, 29] and Y. lipolytica excretes this acid in some conditions [18, 19] . We report here that Y. lipolytica has a single gene encoding T6P synthase, that its disruption does not preclude growth in glucose but decreases sporulation efficiency and slows down growth at 35uC. In addition we report that disruption of YlTPS3 abolishes the increase of trehalose observed during heat shock.
Materials and Methods

Strains and culture conditions
The yeasts strains used are shown in Table 1 . Y. lipolytica was cultured in a synthetic medium with 0.17% yeast nitrogen base without amino acids and ammonium sulfate (Difco, Detroit, MI) and 0.1% glutamate pH 6. S. cerevisiae was cultured similarly but using ammonium sulfate as nitrogen source. Auxotrophic requirements were added at a final concentration of 20 mg/ml and 2% glucose was generally used as carbon source. Liquid cultures were shaken at 30uC. Sporulation medium was based in commercial V8 drink essentially as [30] . Freshly constructed diploid strains were patched on this medium and incubated at 23uC for up to two weeks. Sporulation was followed by malachite green staining [31] . Spores were recovered from sporulated cultures after digestion with Zymolyase 20T (Seikagaku Co.,Tokyo, Japan) and treatment with mineral oil. Cells in the hydrophobic phase were spread on selective plates and colonies isolated and checked for crossing ability and the relevant genes tested by PCR. Thermal stresses were done by transferring the yeast cultures from 30uC to a shaking water bath at 40uC or at 4uC and keeping them for the time indicated in each experiment. Temperature equilibration took place in less than five minutes.
Libraries, primers and plasmids
A Y. lipolytica cDNA library under the control of the S. cerevisiae PGK1 promoter in plasmid pFL61 [32] and a genomic library of Y. lipolytica [33] were used. Yeast transformations were as described in [34] for Y. lipolytica and in [35] for S. cerevisiae. Primers used in PCR reactions are shown in Tables S1 and S2. All PCR products were sequenced to verify their identity.
The following plasmids for S. cerevisiae were constructed: -pCLF1 carrying the YlTPS1 gene was isolated from a cDNA library [32] by its ability to complement the lack of growth in glucose of a S. cerevisiae tps1 strain. -pCLF2, a centromeric plasmid that carries YlTPS1, was constructed as follows. The BamHI fragment from plasmid pAN10 [36] carrying the promoter and the terminator regions of the S.cerevisiae ADH1 was inserted into pRS316 [37] linearized with BamHI. A 1.5 kb blunt-ended NotI fragment with YlTPS1 from pCLF1 was inserted in the blunt-ended HindIII site of this plasmid. -pCLF7 expresses YlTPS3 under the control of the ScADH1 promoter. YlTPS3 (YALI0E31086) is annotated as an intron containing gene. Using the FirstChoice RLM-RACE Kit (Ambion) we checked the correctness of the ATG and the cDNA predicted sequence. Primer design to amplify the cDNA from genomic DNA was based on the fact that the first exon is only 23 bp long. Primer 1006 covers the first exon and the first 19 bp of the second exon; together with primer 1007 produced a PCR product of 3168 bp containing the cDNA of YlTPS3. This product was cloned in the pCR-Blunt vector (Invitrogen) and the resulting plasmid was digested with NotI and SpeI bluntended and cloned in pDB20 [38] in which the URA3 marker had been substituted by LEU2. The cDNA of YlTPS3 was sequenced again when introduced in this plasmid. 
Disruption of YlTPS1
In two consecutive PCR reactions a I-SceI restriction site and a deletion of 658 bp were created. Primers 1001 and 1002 with complementary ends including the recognition site of meganuclease I-SceI, 1000 and 1003 were used. With pCLF3 as template and the mentioned primers two fragments corresponding to the 59 and 39regions of the disruption cassette were obtained. These products were used as template with primers 1000 and 1003 in a PCR reaction to obtain a disrupted YlTPS1 copy. The product was cloned into pGEM-T easy, digested with I-SceI and ligated to a 1.2 kb YlURA3 fragment flanked by I-SceI sequences from plasmid pINA-URA3-I-SceI [40] . The 5268 bp fragment NotI was used to disrupt the chromosomal copy of YlTPS1 gene.
Disruption of YlTPS3 (YALI0E31086)
A piece of 3611 bp containing the YlTPS3 gene was obtained by PCR from genomic DNA and primers 1004 and 1005 and cloned in pGEM-T easy (Promega). The resulting plasmid was digested with XhoI, to remove a fragment of 758 bp, and ligated to a 2.1 kb band containing the YlLEU2 gene from a NcoI digestion of the plasmid pINA62 [41] after filling-in the ends of both DNA segments. The chromosomal copy of YlTPS3 was disrupted using a 4996 bp NotI fragment from the previous plasmid. Correct disruption was checked by PCR.
Disruption of YlNTH1 (YALI0D15598)
A fragment of 2049 bp containing YALI0D15598 [42] encoding a putative neutral trehalase (YlNTH1) was obtained by PCR using primers 1008 and 1009 and cloned in pGEM-T easy. The resulting plasmid was digested with NheI and XhoI to substitute an internal 816 bp fragment of the NTH1 gene with a 2.1 kb fragment containing the YlLEU2 gene from plasmid pINA62 [41] digested with NcoI. A 3342 bp NotI fragment from this construction was used to disrupt the chromosomal copy. Correct disruption was checked by PCR and Southern analysis.
RT-qPCR
Total RNA from Y. lipolytica was extracted from flash-frozen cells [43] and processed as described therein. The quality of RNA was checked using the Agilent 2100 Bioanalyzer. The primers for RT-qPCR are shown in Table S2 . They were checked for specificity using the Primer-BLAST from NCBI against the Y. lipolytica CLIB122 genomic sequence. Total RNA was reversetranscribed into cDNA using the High Capacity RNA-to-cDNA Master Mix (Applied Biosystems). The cDNA levels were then analyzed using a LightCycler 480 from ROCHE and the LightCycler 480 SYBR Green I Master mix (Roche) with each primer at 250 nM. Each sample was tested in triplicate. After completion of the RT-qPCR melting-curve data were collected to verify PCR specificity, the absence of contamination and primer dimers. The gene YALI0F27533 (ARP4) was used to normalize the data.
Extracts and assay of enzymatic activities
Cell free extracts were prepared by breaking the yeasts in buffer with glass beads in six cycles of 1 min of vortexing and 1 min on ice. The buffer was 20 mM imidazole pH 7, with the addition of 1 mM DTT and 1 mM EDTA when T6P synthase was assayed. The extract was centrifuged in the cold for 15 min at 13000 rpm in an Eppendorf table top centrifuge and the supernatant used for determination of enzyme activities. T6P synthase activity was determined by a two step method [3] in a mixture of 50 mM imidazole pH 7, 0.1 M KCl, 10 mM MgCl 2 , 1 mM EDTA, 10 mM glucose 6-P and 5 mM UDP-glucose. Samples were taken at different time intervals and boiled for 3 minutes to stop the reaction. The UDP formed was measured spectrophotometrically in a coupled assay with NADH, pyruvate kinase and lactate dehydrogenase. A blank without added glucose-6P was run in parallel for each sample. Hexokinase and glucokinase were assayed with glucose and fructose as in [15] . b-galactosidase was assayed in 80 mM sodium phosphate buffer, 8 mM KCl, 0.8 mM MgSO 4 , 40 mM b mercaptoethanol, and 2.6 mM 2-nitrophenyl b-D-galactopyranoside as described by Wallenfels [44] . Protein was assayed with the commercial BCA protein assay kit (Pierce).
Trehalose determination
The cultures were harvested by centrifugation, washed with water and frozen until use. Trehalose was extracted with boiling water as described in [45] . Trehalose was determined enzymatically using the Trehalose assay Kit from Megazyme (Bray, Co. Wicklow, Ireland).
Extraction and assay of intracellular metabolites
Yeast cells were quickly filtered through a Millipore AAWPO4700 and snap frozen in liquid nitrogen. The frozen pellets were dropped in boiling ethanol and treated as in [46] . Metabolites were determined spectrophotometrically as in [47] . For calculations, it was assumed that 1 g wet yeast has an intracellular volume of 0.6 ml [48] .
Nucleotide accession number.-The sequence of the YlTPS1 cDNA was deposited at the GenBank database with the accession number AJ011032.
Results
Cloning and characteristics of the Y. lipolytica TPS1 gene
We used the phenotypic complementation of the absence of growth in glucose of a S. cerevisiae tps1 mutant [2, 49] to isolate the TPS1 gene from Y. lipolytica. We transformed a S. cerevisiae tps1 mutant strain with a cDNA library from Y. lipolytica under the control of the S. cerevisiae PGK1 promoter (see Materials and Methods) and selected transformants that grew on glucose. Plasmid pCLF1 isolated from different transformants carried a DNA insert of about 1.5 kb whose DNA sequence revealed an ORF encoding a putative protein of 486 amino acids that shares about 70% identity with different fungal T6P synthases. This Y.lipolytica cDNA inserted either in a multicopy or in a centromeric plasmid not only complemented the glucose negative phenotype of the S. cerevisiae tps1 mutant but also restored its ability to synthesize trehalose (Figure 1) . These results indicate that the DNA cloned encodes a bona fide Tps1 protein from Y. lipolytica that is functional in S. cerevisiae. We will refer to the gene encoding that protein as YlTPS1. The 1 kb upstream region of YlTPS1 contains a CCCCT motif [50] that in S. cerevisiae is implicated in heat and other stress-controlled transcription [51, 52, 53, 54] . About 245 bp upstream of the ATG of YlTPS1 we found the ATG of an ORF whose transcription runs divergent to that of YlTPS1 (Figure 2a) . The protein putatively encoded by this ORF is highly similar to the S. cerevisiae Tfc1, one of the two DNAbinding subunits of the yeast transcription factor TFIIIC. Part of the TFC1 promoter likely overlaps with the coding sequence of YlTPS1. The relative position of these ORFs in Y. lipolytica is different from that found in other Hemiascomycetes in which TPS1 appears in a synteny block that covers at least nine genes (Figure 2a ). The sequence of the TPS1 promoter region of the widely used PO1a strain exhibited a GT deletion at 260 and a change C/T in position 2314 relative to ATG with respect to the sequence that appears in Génolevures [42] .
Disruption of the chromosomal copy of YlTPS1 does not affect growth in glucose
Lack of growth in glucose of S. cerevisiae tps1 mutants has been attributed to loss of inhibition by T6P of hexokinase 2 [12] the glucose phosphorylating enzyme expressed during growth in this sugar [55, 56] . Since T6P inhibition of Y. lipolytica hexokinase is the highest reported (K i 3.5 mM) [12, 15] we studied the effect of the disruption of TPS1 in this yeast. Attempts to disrupt YlTPS1 placing the disruption cassette after nucleotides 188 or 406 after the ATG failed, only when it was displaced to nucleotide 710 a correct disruption was obtained (Figure 2 b,c,d ). We attribute the failures with the disruption cassettes located in the 59region of the coding sequence to interference with the expression of the neighbouring TFC1 gene (Figure 2a) . Lack of TFC1 is lethal in S. cerevisiae [57] and in Schizosaccharomyces pombe [58] and this is likely to be the case also in Y. lipolytica. The YlTPS1 disruptants grew in glucose in contrast with the behavior of the tps1 mutants of S. cerevisiae. The distinct phenotype could be caused by a difference in the glucose phosphorylating equipment between the two yeasts, by a lack of significant activity of Tps1 or both. We found that in glucose grown cultures of Y. lipolytica expression of the gene YALI0E15488 encoding a glucokinase (Flores and Gancedo, unpublished results) exceeded that of the gene encoding hexokinase (Figure 3) . Also enzyme measurements showed that glucokinase constitutes the main phosphorylating activity in Y. lipolytica (Table 2 ). Since glucokinase is insensitive to inhibition by T6P [12, 15] , the growth in glucose of the Yltps1 mutant may be explained by the scarce contribution of hexokinase to the glucose phosphorylating activity. Moreover, disruption of YlTPS1 slightly decreased the proportion of hexokinase activity ( Table 2) . Concentration of hexose mono or bis-phosphates and ATP were not affected with respect to that of a wild type during growth in glucose (Table 3) in contrast to what happens in a S. cerevisiae tps1 mutant which accumulates those compounds and loses ATP upon glucose addition. This result is consistent with a lack of control of the glycolytic flux by T6P in Y. lipolytica. The YlTPS1 disruptants showed a slightly shorter duplication time than the wild type (Wt 14964 min, tps1 13964 min, tps1/pCLF5 15168 min, means of four experiments) ( Figure S1 ). No immediate explanation can be provided for this difference.
Levels of trehalose in Y. lipolytica are low but increase upon disruption of a gene encoding a putative trehalase or after heat shock Levels of trehalose in Y. lipolytica grown in glucose up to stationary phase or in glycerol were below 1 nmol/mg dry weight. A possible explanation for this result could be that the genes encoding the trehalose biosynthetic pathway enzymes were not expressed during growth in glucose, therefore we measured the expression of those genes in Y.lipolytica. In the Génolevuress database [42] , YALI0D14476 is annotated as similar to S. cerevisiae TPS2 and YALI0E31086 shows the highest homology with S. cerevisiae TPS3/TSL1. All these genes were expressed during growth in glucose although the levels of YlTPS2 and YlTPS3 were low when compared to that of YlTPS1 (Figure 3) . Although a western blot analysis of a fusion of Tps1 to the HA epitope indicated that the protein was expressed during growth in glucose (results not shown) its activity was very low (Table 4) . This low activity could be an additional cause of the lack of effect of the YlTPS1 disruption on the growth in glucose. Expression of YlTPS1 under the control of the strong YlTEF1 promoter increased trehalose content and allowed detection of Tps activity which was almost undetectable in the wild type strain (Table 4 ). This result suggested that the low trehalose level was due to a low activity of the biosynthetic pathway. In addition to a low synthesis the low trehalose content could be due to the activity of a trehalase. We identified a gene, YALI0D15598, as the only sequence in the Y. lipolytica Génolevures database [42] that shows homology with the S.cerevisiae NTH1 or NTH2 genes encoding neutral trehalases. Measurements of YlNTH1 mRNA showed that it was expressed during growth in glucose (Figure 3) . We disrupted YlNTH1 and measured an increased trehalose content in the resulting mutant. Such increase was dependent on the activity of Tps1 since in a double mutant nth1 tps1 no trehalose was detected (Table 4) . In plants also, inhibition of trehalase allows measurement of otherwise undetectable trehalose levels [59, 60, 61] .
Heat shock increases trehalose in several yeasts [52, 62] . In Y. lipolytica a heat shock at 40uC for 2 h increased trehalose, although the final value varied depending on the strain (from 7 to 20 nmol/ mg dry weight). This treatment was considered a strong one as this [42] except for S. cerevisiae for which the annotation of SGD was used [90] . Names of genes appear below each arrow, arrows without name indicate genes of unknown function. Chromosome designation is also indicated. WGD, whole genome duplication. b) Scheme of the chromosomal region around YlTPS1 and its disruption. The location of the coding region of YlTFC1 is also shown. The I-SceI sites flanking the URA3 gene were introduced by PCR as described in Materials and Methods. Short vertical bars indicate the piece of DNA used for the chromosomal disruption. c, d) Southern analysis of two different disruptants: genomic DNA was digested with HindIII (c) or StuI (d) and hybridized with the indicated probe. The sizes of the DNA bands in bp are shown. Attempts to disrupt YlTPS1 placing YlURA3 between the SalI sites or between HindIII and EcoRI were unsuccessful. doi:10.1371/journal.pone.0023695.g002 yeast does not grow at temperatures over 35uC. We measured the levels of mRNA corresponding to the genes related with trehalose metabolism after heat treatment (Figure 4) . Levels of YlTPS1 mRNA did not increase in spite of the presence of one CCCCT sequence in its promoter. Measurements of b-galactosidase produced from a fusion of the YlTPS1 promoter to E. coli lacZ were consistent with this result (3463 mUnits/mg protein at time 0 vs 3964 mUnits/mg protein after 2 h, four independent experiments). Relative abundance of mRNAs corresponding to YlTPS2 and to YlTPS3 increased 4 and 6 times respectively with the heat treatment. The higher increase of YlTPS3 suggested an important role for this gene in the heat response. A disruption of YlTPS3 abolished trehalose accumulation upon heat treatment raising the question that Tps3 could be another T6P synthase an hypothesis that cannot be ruled out due to the similarity between the YlTPS1 and YlTPS3 sequences. This possibility was made unlikely by the absence of trehalose in a Yltps1 mutant after heat shock and by the lack of complementation of the glucose negative phenotype of a S. cerevisiae tps1 mutant by the YlTPS3 cDNA ( Figure 5 ). We suggest that YlTps3 is necessary to maintain the stability of the trehalose synthase complex during heat shock in Y. lipolytica. This reveals a difference with S. cerevisiae where the absence of Tps3 does not affect trehalose content during heat shock [6] .
Disruption of YlTPS1 severely decreased growth at 35uC, only small colonies were visible after 7 days at this temperature ( Figure 6 ). A plasmid carrying YlTPS1 restored a wild type phenotype. The S.cerevisiae TPS1 gene slightly improved growth of the Yltps1 mutant at 35uC.
Treatment of Y.lipolytica at 4uC during 2 or 20 hours did not modify significantly the mRNA levels corresponding to the genes of the trehalose biosynthetic pathway (Figure 4 ), in contrast with the behavior of TPS1 and TPS2 in S. cerevisiae whose expression increase upon a treatment below 10uC [63] .
In S. cerevisiae transcription factors Hsf1 and Msn2/4 are implicated in the response to heat shock and other stresses Figure 3 . mRNA levels corresponding to genes encoding glucose phosphorylating enzymes and proteins related to trehalose metabolism in Y. lipolytica. Yeasts strains CJM 645, wild type, and CJM 651, Yltps1::URA3, were grown in minimal medium-glucose as indicated in Materials and Methods. mRNA levels were quantified by RT-qPCR as described in Materials and Methods. Three independent cultures were analyzed and three technical replicas were done for each run. Expression of each gene was normalized to that of the YlARP4. The columns represent the mean values of the three biological experiments with bars indicating the standard deviation. The genes studied encode the following proteins: GLK1, glucokinase; HXK1, hexokinase; TPS1, trehalose-6-P synthase; TPS2, trehalose-6-P phosphatase; TPS3, subunit of the trehalose synthase complex; NTH1, neutral trehalase. doi:10.1371/journal.pone.0023695.g003 CJM 645 YlTPS1 203620 68619 49 [24] 154 [76] CJM 651 Yltps1 208615 4766 34 [16] 174 [84] Strains were cultured in minimal medium glucose as indicated in Materials and Methods. Extracts and assay of phosphorylating activities were as described in Materials and Methods. [52, 64, 65] . In Y. lipolytica the protein Mhy1 (YALI0B21582p) shows high similarity in its zinc finger domain to that of Msn2/4 and also binds STRE sequences [66] . A BLAST search of the Y. lipolytica database for genes encoding homologues of ScHSF1 yielded gene YALI0E13948. Levels of mRNA corresponding to those genes increased about 3 times after heat shock ( Figure 4 ) consistent with their possible implication in heat shock regulated processes.
Disruption of YlTPS1 impairs sporulation
When Y. lipolytica diploids homozygous for the tps1 mutation (CJM 724) were placed in sporulation conditions the sporulation frequency was reduced with respect to that of wild type (CJM 722) or heterozygous TPS1/tps1 (CJM 723) diploids. A similar behaviour in tps1/tps1 diploids in S. cerevisiae [67, 68] was ascribed to a decreased expression of MCK1, a gene that stimulates expression of IME1 which encodes a transcriptional activator of sporulation [68] . Based on sequence homology we identified an ORF YALI0D20966 which exhibits 41% identity and 59% similarity with S. cerevisiae MCK1. We have measured the levels of mRNA corresponding to YALI0D20966 and to the genes implicated in trehalose metabolism both in a wild type diploid and in one homozygous for the tps1 mutation in sporulation conditions. After 8 days on sporulation medium the level of YALI0D20966 mRNA in a wild type was increased about 15 times while in a homozygous tps1/tps1 strain it reached a maximum of 3 fold (Figure 7 ). This behaviour parallels that of MCK1 in S. cerevisiae suggesting an implication of YALI0D20966 in sporulation in Y. lipolytica. Levels of RNA corresponding to YlTPS1, YlTPS2, YlTPS3 or YlNTH1 did not vary significantly in either strain under the same conditions.
Discussion
We have isolated and characterized the gene encoding trehalose-6-P synthase from the dimorphic yeast Y. lipolytica. The identity of the gene is supported by the increase in trehalose and Tps activity in Y. lipolytica when the gene is expressed under the control of a strong promoter, the restoration of the growth in glucose and trehalose content to a S. cerevisiae tps1 mutant, and by sequence similarity to T6P synthases from other organisms. Although other sequences with high similarity to Tps1 could be identified in the Y. lipolytica Génolevuress database [42] the only one active in trehalose synthesis when expressed in S. cerevisiae was YlTPS1. In most yeasts and fungi there is only one gene encoding a protein with Tps activity although in Aspergillus niger and A. fumigatus [69, 70] two T6P synthases with high sequence homology but with different roles in the physiology of the organism have been described. The chromosomal close vicinity of YlTPS1 and YlTFC1 deserves attention. A short intergenic region has been taken as indicative of sharing certain regulatory elements of the genes in question [71, 72] . Assuming an average promoter length of about 1 kb [72] the promoter of TFC1 will overlap with the coding sequence of YlTPS1 and viceversa. This neighborhood together with their opposite transcription direction explains the failures to disrupt YlTPS1 with insertions located near the 59end of its coding sequence as these may interfere with expression of YlTFC1 and result in lethality. Although closely located pairs of genes with divergent transcription tend to be conserved in evolution [72] TPS1 and TFC1 are separated in other yeast species all along the Hemiascomycetes phylogenetic three [16] . This separation may have allowed the evolution of mechanisms linking the expression of TPS1 to multiple signals as it is the case in other yeasts.
Deffects in the trehalose biosynthetic pathway produce a variety of effects in different organisms like bacteria [73] yeasts [2] , plants [74] insects [7] or nematodes [8] . In S. cerevisiae loss of the control on hexokinase activity by T6P is one of the causes of the lack of growth of a tps1 mutant in glucose [12] , while in S. pombe whose hexokinases are not sensitive to T6P [75] this phenotype is not observed for a similar mutation [76] . The growth in glucose of the tps1 mutant of Y. lipolytica whose hexokinase is highly sensitive to T6P [12, 15] could be explained by the presence of a T6P insensitive glucokinase constituting roughly 80% of the glucose phosphorylating capacity of this yeast. A similar explanation might also apply for the phenotype described for a tps1 mutant of Hansenula polymorpha [14] a yeast in which glucokinase and hexokinase are present during growth in glucose [77] . The levels of metabolites in the disrupted strain are in accordance with the lack of effect of the mutation on the growth in glucose. A slight increase in ATP concentration was measured in the Yltps1 mutant, a finding that parallels the results obtained for a tpsA disruptant of A. nidulans [78] . With our current knowledge no clear explanation for these results can be advanced. Due to the ''turbo design'' of glycolysis [13] a regulation of the initial steps of the pathway is necessary. In mammals glucose-6-phosphate controls hexokinase [79] and in S. cerevisiae T6P plays a similar role. Yeasts or fungi in which lack of T6P does not affect growth in glucose [14, 78] shall possess other mechanisms to regulate the first steps of glycolysis. It may be asked for the significance of the T6P inhibition of hexokinase in those organisms in which it appears not to play a significant role in the control of glycolysis. One possibility is that it may serve to control a yet unrecognized function of hexokinase, another one is that it is a consequence of the protein structure shared by most hexokinases and that organisms with a high glycolytic flux have taken advantage of it to control the first irreversible step of glucose metabolism. In Y. lipolytica differences in kinetic and regulatory properties of important glycolytic enzymes like phosphofructokinase [23] or pyruvate kinase [24] indicate that this yeast regulate glycolysis differently from S. cerevisiae. The decrease in sporulation observed in homozygous tps1 diploids parallels findings with tps1 mutants in other fungi like S. cerevisiae [67, 68, 80] Cryptococcus neoformans [81] or Stagonospora nodorum [82] . In S. cerevisiae, the defect has been adscribed to a low expression of MCK1 an inducer of the gene IME1 whose expression triggers sporulation [68] . The low level in Yltps1 diploids of mRNA corresponding to gene YALI0D20966 that appears to be the Y. lipolytica homolog of ScMCK1 will suggest a similar mechanism for the decreased sporulation in this yeast and that the relationship between TPS1 and sporulation was already present in an ancient yeast like Y. lipolytica. Trehalose in Y. lipolytica in different conditions was below 1 nmol/mg dry weight. Disruption of a gene encoding a putative neutral trehalase or overexpression of YlTPS1 increased trehalose content. A similar situation occurred in vascular plants in which trehalose was thought to be absent; incubation with validamycin A, an inhibitor of trehalase, showed the existence of the disaccharide [59, 60] . Hydrolysis of trehalose by trehalase and a low level of Tps1 activity may be responsible for the low levels of the sugar in Y. lipolytica. It could be speculated that the main role of Tps1 is to provide T6P as intermediate for pathways different from trehalose synthesis. Some bacteria produce biosurfactants or glycolipids that require T6P for their synthesis [83, 84] . Y. lipolytica also produces biosurfactants even growing in aqueous media but their detailed structure is not known [85] .
Heat shock increased the levels of trehalose and changed the levels of mRNA corresponding to YlTPS2 and YlTPS3 but not those of YlTPS1. A similar lack of response of A. nidulans tpsA has been described [78] . The increase of mRNA corresponding to YlTPS3 as well as the absence of trehalose in the heat shocked Yltps3 mutant indicate an important role for the protein in the stability of the Y. lipolytica trehalose biosynthetic complex. While in S. cerevisiae the complex consists of four proteins, Tps1,Tps2, Tsl1 and Tps3, only one sequence similar to that of Tps3/Tsl1 was found in the Y. lipolytica database. Decrease of trehalose levels during heat shock in S. cerevisiae requires the disruption of both Tsl1 and Tps3 [6] . In S. cerevisiae different mechanisms such as transcriptional activation of some genes, stabilization of certain RNAs [86] and activation of the trehalose synthase complex [87] contribute to trehalose accumulation by heat shock. Such detailed studies are not yet available for Y. lipolytica. Transcriptional response to heat shock in the case of the genes of the trehalose biosynthetic pathway in S. cerevisiae depends on repetitions of a CCCCT stretch (STRE sequence) in their promoters [65, 87] . Function of STRE sequences in S. cerevisiae requires the Msn2/ Msn4 proteins [64] . The corresponding gene(s) is not known in Y. lipolytica. Hurtado and Rachubinsky [66] observed the high sequence homology of the Zn finger domain of Mhy1 with that of Msn2/4 and showed that this protein was able to bind to STRE sequences in vitro. These authors reported that the levels of MHY1 mRNA were not increased after a heat shock at 35uC. Our results show that upon a heat shock at 40uC the levels of MHY1 mRNA increase suggesting that MHY1 may play a role in the regulatory response to this stress. It should be noticed that the high GC content in the Y. lipolytica DNA [88] may cause the presence of CCCCT sequences in the promoters of several genes that have not been related with responses to stress.
Y. lipolytica does not grow at temperatures over 35uC. The finding that disruption of YlTPS1 impairs growth at this limit temperature suggests that trehalose plays a protective role against the changes produced under this condition [65] .
Many evidences show that in different organisms the trehalose biosynthetic pathway, in addition to its primary role, has an influence in a variety of processes that range from growth on certain substrates or temperatures, to differences in virulence in pathogens. The targets of the pathway are different depending on the organism and even closely related yeast species like C. neoformans and C. gattii show important variations in the effects caused by perturbations of that pathway [89] . The finding that in Y. lipolytica that separated early in evolution from other yeasts [16] , the trehalose biosynthetic pathway does not regulate glycolysis suggests that this regulatory property was acquired later along yeast evolution. Figure S1 Growth of wild type and Yltps1 strains. The strains were grown as described in Materials and Methods and growth was followed measuring optical density. CJM645 (Wild type), CJM651 (Yltps1) and CLF279 (Yltps1/pCLF4). A representative curve is shown for each strain. (TIF) Figure 7 . Levels of mRNA corresponding to several genes during sporulation. A wild type diploid and an homozygous tps1 diploid were transferred from minimal medium glucose to V8 sporulation medium (see Materials and Methods). Samples were taken from the initial culture on glucose (time zero) and after 8 days in V8. mRNA levels were quantified by RT-qPCR as described in Materials and Methods. Three independent sporulation experiments were analyzed and three technical replicas were done for each run. Expression of each gene was normalized to that of YlARP4. Levels of mRNA are shown relative to that of time zero. The columns represent the mean values of the experiments with bars indicating the standard deviation. doi:10.1371/journal.pone.0023695.g007
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